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Steroids  enantiomers  are  interesting  compounds  for detailed  exploration  of  drug  metabolizing  enzymes,
such as  the  UDP-glucuronosyltransferases  (UGTs).  We  have  now  studied  the  glucuronidation  of  the
enantiomers  of  estradiol,  androsterone  and  etiocholanolone  by  the  19  human  UGTs  of  subfamilies  1A,
2A and  2B.  The  results  reveal  that  the  pattern  of  human  UGTs  of subfamily  2B  that  glucuronidate  ent-
17�-estradiol,  particularly  2B15  and  2B17,  resembles  the  glucuronidation  of  epiestradiol  (17�-estradiol)
rather  than  17�-estradiol,  the  main  physiological  estrogen.  The  UGTs  of  subfamilies  1A  and  2A  exhibit
higher  degree  of regioselectivity  than  enantioselectivity  in  the conjugation  of  these  estradiols,  regard-
less of  whether  the  activity  is primarily  toward  the  non-chiral  site,  3-OH  (UGT1A1,  UGT1A3,  UGT1A7,
UGT1A8  and,  above  all,  UGT1A10),  or  the 17-OH  (UGT1A4).  In  the  cases  of  etiocholanolone  and  andros-
terone,  glucuronidation  of  the  ent-androgens,  like  the  conjugation  of  the  natural  androgens,  is  mainly
catalyzed  by  UGTs  of  subfamilies  2A  and  2B. Nevertheless,  the  glucuronidation  of  ent-etiocholanolone

and  ent-androsterone  by both  UGT2B7  and  UGT2B17  differs  considerably  from  their  respective  activity
toward  the corresponding  endogenous  androgens,  whereas  UGT2A1-catalyzed  conjugation  is much  less
affected  by  the  stereochemistry  differences.  Kinetic  analyses  reveal  that  the  Km value  of  UGT2A1  for  ent-
estradiol  is much  higher  than  the  corresponding  value  in  the  other  two high  activity  enzymes,  UGT1A10
and  UGT2B7.  Taken  together,  the  results  highlight  large  enantioselectivity  differences  between  individual
UGTs,  particularly  those  of  subfamily  2B.
. Introduction

UDP-glucuronosyltransferases (UGTs) are membrane enzymes
f the endoplasmic reticulum that catalyze the transfer of the
lucuronic acid moiety from UDP-glucuronic acid (UDPGA) to
umerous different aglycone substrates, both xenobiotic and
ndogenous compounds [1–3]. The 19 functional human UGTs are
ivided into three subfamilies, 1A, 2A and 2B [4].  In all of them,
xon 1 of the individual genes encodes about half of the respec-
ive proteins, the N-terminal domain with its substrate binding
ite. The rest of the exons, together, encode the C-terminal half

f the enzymes. The latter part contains the C-terminal domain
hat carries the UDPGA binding site, the envelope helices, the
ingle trans-membrane helix that anchors the proteins to the

Abbreviations: Epiestradiol, 17�-estradiol; UDPGA, UDP-glucuronic acid; UGT,
DP-glucuronosyltransferase.
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membrane, and the cytoplasmic tail [5].  The UGTs of subfam-
ily 1A (UGT1As) share exons 2–5 and, due to this, the amino
acid sequence of the entire C-terminal half of all the 9 UGT1As
is identical. A corresponding exon sharing takes place between
the two nasal UGTs of subfamily 2A, UGT2A1 and UGT2A2 [4,6],
whereas UGT2A3 and the 7 isoforms of subfamily 2B do not share
exons but, nonetheless, have a high degree of sequence identity
among their C-terminal halves [4].  We  have recently carried out
a series of studies on the glucuronidation of different steroids by
the human UGTs of subfamilies 1A, 2A, and 2B that were expressed
as recombinant proteins in baculovirus-infected insect cells [7–9]
and observed large and interesting differences among them in both
regioselectivity and stereoselectivity of steroid glucuronidation by
them.

The hormone 17�-estradiol (�-estradiol) is an important
endogenous estrogen that is also used as a drug in hormone
replacement therapy [10]. Androsterone and etiocholanolone are

metabolites of testosterone, the most prevalent androgen in males.
Enantiomers of these steroids have interesting and potentially use-
ful clinical actions (vide infra). In addition, they are useful research
tools when studying the substrate selectivity of the UGTs since

dx.doi.org/10.1016/j.jsbmb.2011.08.008
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:moshe.finel@helsinki.fi
dx.doi.org/10.1016/j.jsbmb.2011.08.008
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ig. 1. Chemical structures of 17�-estradiol (A), androsterone (A), and etiocholano
B),  and ent-etiocholanolone (B).

hey have the same physicochemical properties as the correspond-
ng endogenous steroids, thereby enabling a unique distinction
etween effects due to lipophilicity and three-dimensional shape.

We have previously demonstrated a clear preference of UGTs
A1, 1A3, 1A7, 1A8, and 1A10 for the glucuronidation of �-
stradiol, as well as 17�-estradiol (epiestradiol), at the 3-OH.
GT2B15 was selective for the 3-OH, but only exhibited con-

iderable activity when epiestradiol was the substrate [7].  On
he other hand, the 17-OH group of both diastereomers was
avored by UGTs 2B4, 2B7 and 2B17, as well as UGT1A4, whereas
GTs 2A1 and 2A2 glucuronidated �-estradiol and epiestradiol
t both hydroxyls [7].  Androsterone (3�-hydroxy-5�-androstan-
7�-ol) and etiocholanolone (3�-hydroxy-5�-androstane-17�-ol)
re diastereomers that differ only in the configuration of carbon
. They have a single nucleophilic group, the 3-OH, but unlike the
-OH group of �-estradiol and epiestradiol, the 3-OH in andros-
erone and etiocholanolone is bonded to a chiral center and not to
n aromatic ring (Fig. 1). From the glucuronidation point of view,

 likely consequence of the chemical property and configuration
ifferences between androsterone and etiocholanolone is that the
attern of human UGTs that glucuronidate them at the 3-OH (the
nly glucuronidation site in these steroids) resembles the UGTs that
lucuronidate 17�-estradiol and/or 17�-estradiol at their respec-
ive 17-OH, rather than those which catalyze the 3-OH conjugation
n these estrogens [7,9].
In the present study we have examined the glucuronidation
f the enantiomers of 17�-estradiol, androsterone and etio-
holanolone (Fig. 1). ent-Estradiol was previously reported to bind
eakly to estrogen receptors and to lack estrogenic effects in rodent
), as well as their respective enantiomers, ent-17�-estradiol (B), ent-androsterone

tissues [11], while another laboratory showed that it exhibits neu-
roprotective effects in human cell lines [12]. ent-Androsterone and
ent-etiocholanolone were found to be substantially more active at
GABAA receptors than their natural enantiomers [13]. However,
the metabolic pathways these enantiomeric steroids (ent-steroids)
undergo are not yet characterized. Like their natural enantiomers,
they could go through both phase I and phase II metabolism and
form both oxididized and conjugated metabolites. We  have now
examined how these molecules are conjugated by the human UGTs,
comparing the glucuronidation patterns of them to the correspond-
ing native steroids. The study presents first of its kind information
on the glucuronidation of enantiomeric steroids and also provides
new information regarding the substrate specificity of human UGTs
for steroids.

2. Materials and methods

2.1. Materials

Uridine 5′-diphosphoglucuronic acid tri-ammonium salt
(UDPGA), 17�-estradiol, 17�-estradiol-3�-d-glucuronide sodium
salt, and 17�-estradiol-17�-d-glucuronide sodium salt were
purchased from Sigma–Aldrich (St. Louis, MO,  USA). Testosterone-
glucuronide was from National Measurement Institute (Pymble,
Australia). ent-17�-Estradiol, ent-etiocholanolone and ent-

androsterone were prepared as previously described [12,13].
Recombinant human UGTs 1A1, 1A3-1A10, 2B4, 2B7, 2B10, 2B11,
2B17, 2B28, and 2A1-2A3 were expressed as His-tagged proteins
using baculovirus-infected insect cells [6,14].  The enzymes were
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Fig. 2. Elution profiles of the glucuronides generated by UGT1A10 from 17�-estradiol (A) and ent-17�-estradiol (B), as well as the glucuronide produced by UGT2B7 from
e ds, 17
d

u
l
e
H
h
s
a
e
e
w
1
3

2

a
w

2

s
5
5
9
a
o
1
5
T
5
t
[
B
f
a
d
9
w
e
d
w
r
w
t
c
w

even if the respective retention times are slightly different due
to the different structure of each glucuronide (the glucuronides
nt-17�-estradiol (D). The chromatograms of the commercial glucuronide standar
ashed lines.

sed as enriched membranes samples. The relative expression
evel, per mg  total protein, in each of the above-listed was
valuated using the monoclonal tetra-His antibodies (Qiagen,
ilden, Germany) as previously described [14]. The recombinant
uman UGT2B15 was purchased as “supersomes” from BD Bio-
ciences (Franklin Lakes, NJ, USA). The latter UGT isoform lacked

 C-terminal His-tag, preventing the comparison of its relative
xpression level to the other recombinant UGTs. The relative
xpression levels of the UGT batches that were used in this study
ere as follows: 1A1, 6.6; 1A3, 1.5; 1A4, 5.7; 1A5, 5.4; 1A6, 1.1;

A7, 23.6; 1A8, 2.2; 1A9, 2.9; 1A10, 4.3; 2A1, 3.7; 2A2, 10.3; 2A3,
.3; 2B4, 2.5; 2B7, 1; 2B10, 1; 2B11, 5.7; 2B17, 2.6; and 0.1 for 2B28.

.2. Glucuronidation assays

All the glucuronidation assays were done in triplicates, and neg-
tive control samples, including all the reaction assay components,
ith the exception of UDPGA, were carried out as well.

.2.1. ent-Etiocholanolone and ent-androsterone
Samples for the ent-etiocholanolone and ent-androsterone

creenings assays contained 50 �g (total protein) of the UGT source,
0 mM phosphate buffer pH 7.4, 10 mM MgCl2, 5 mM UDPGA,
% dimethylsulfoxide and 50 �M substrate, in a total volume of
0 �l. The reactions were carried out at 37 ◦C for 60 min, initi-
ted by the addition of UDPGA and terminated by the addition
f 10 �l ice cold 4 M perchloric acid and transferred to ice for
0 min. The internal standard for the LC-MS analyses was  10 �l of
0 mM testosterone glucuronide and it was added at this stage.
he proteins were sedimented by centrifugation at 16,100 × g for

 min  and the supernatants were analyzed with UPLC/Q-TOF Sys-
em (Waters/Micromass, Manchester, UK) as previously described
9]. Briefly, the glucuronides were separated using an Acquity
EH Shield RP18, 100 mm  × 0.1 mm,  1.7 �m column (Waters, Mil-

ord, MA). The flow rate was 0.2 ml/min, the eluents were 0.1%
mmonium acetate (A) and acetonitrile (B), and the elution gra-
ient we used was: 10–55% B (0–3 min), 55–90% B (3–3.5 min),
0–10% B (3.5–3.6 min) and 10% B (3.6–6 min). Ionization was  done
ith negative-ion electrospray. The capillary, sample cone and

xtraction cone voltages were 3500, 45 and 2.0 V, respectively. The
esolvation temperature was 250 ◦C and the source temperature
as 100 ◦C. The desolvation and cone gas was nitrogen, at flow

ates of 700 L/h and 200 L/h, respectively. The glucuronide peaks
ere identified by their mass and quantified using an external

estosterone-glucuronide standard curve (since authentic glu-

uronides of androsterone, etiocholanolone or their enantiomers
ere not available).
�-estradiol-3-glucuronide (C) and 17�-estradiol-17-glucuronide (E), are shown in

2.2.2. ent-17ˇ-Estradiol
Incubation mixtures for ent-17�-estradiol glucuronidation

assays contained either 5 (UGT1A10) or 50 �g (all other UGTs) UGT
source (enriched membrane preparations, total protein), 50 mM
phosphate buffer pH 7.4, 10 mM  MgCl2, 5 mM UDPGA, 200 �M
ent-17�-estradiol (in the screening assays) and 10% dimethylsul-
foxide, in a total volume of 100 �l. Reaction initiation, incubation
conditions and termination were as described above, except that
no internal standard was  added. The glucuronides in the super-
natants were analyzed on a Shimadzu LC-10 model (Shimadzu
Corporation, Kyoto, Japan). They were separated using a Chromolith
SpeedROD rp-18e 50 mm × 4.6 mm  column (Merck, Darmstadt,
Germany) at 30 ◦C, employing a gradient of flow rates, starting
at 1 ml/min (0–10 min), then 2 ml/min (10–23 min), and again
1 ml/min (23–25 min). The mobile phase consisted of 25 mmol/L
phosphate buffer pH 3.0 and MeOH, 60/40%. The retention time
of ent-17�-estradiol 3-OH and 17-OH glucuronides was 5.7 and
10.7 min, respectively. The glucuronides were detected by flu-
orescence, excitation at 216 nm and emission at 316 nm, and
were quantified using an external standard curves for either 17�-
estradiol-17-glucuronide or 17�-estradiol-3-glucuronide.

Kinetic analyses for the most active UGTs, UGT1A10, 2A1 and
2B7, were carried out in the same manner as the screening analyses,
but using 8 different ent-17�-estradiol concentrations, 5, 10, 25, 50,
75, 100, 150, 200, 250 and 300 �M.  Kinetic constants were derived
from fitting the experimental data to either Michaelis–Menten
or Michaelis–Menten with substrate inhibition equations, using
GraphPad Prism 5 for Windows (GraphPad Software, San Diego,
CA, USA).

3. Results

3.1. Glucuronidation of ent-ˇ-estradiol

This compound can be glucuronidated at either the 3-OH
or the 17-OH. In the absence of authentic glucuronides for
either ent-17�-estradiol-3-glucuronide or ent-17�-estradiol-17-
glucuronide, we had to make some assumptions. Examination of
the chromatograms from the 17�-estradiol 3- and 17-glucuronide
standards, the glucuronidation of ent-17�-estradiol with UGT1A10
and UGT2B7, and of 17�-estradiol by UGT1A10 (Fig. 2), strongly
suggested that the relative elution order of the 3-glucuronide and
17-glucuronide of both enantiomers of 17�-estradiol is the same,
are diastereomers, not enantiomers, because glucuronides of both
the native 17�-estradiol and ent-17�-estradiol contain the same,
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Fig. 3. Glucuronidation rates of ent-17�-estradiol by the human UGTs. The substrate concentration was  200 �M and the presented glucuronidation rates were corrected
(normalized) for relative expression level of the recombinant UGTs. The inset shows a modified form of the corresponding activities toward 17�-estradiol (�-estradiol) and
17�-estradiol (epiestradiol) that were previously determined in our laboratory [7].  UGT2B15* is marked by an asterisk since this recombinant UGT  was for a commercial
supplier  and, therefore, its relative expression level could not be determined (see Section 2 for more details). Please note that since the expression level values are relative,
a ere als
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nd  only some of the same enzyme batches that were used in the previous study w
nd  the main figure cannot be compared directly, even if the order of magnitude 

alidly  compared.

atural glucuronic acid). Based on this assumption, and the results
ith UGT1A10 and UGT2B7, we have concluded that under

ur experimental conditions, ent-17�-estradiol-3-glucuronide was
luted at 5.5 min, while the retention time of ent-17�-estradiol-
7-glucuronide was 9.8 min  (Fig. 2). Quantification of these two
nt-17�-estradiol glucuronides was done using the respective glu-
uronides of the natural 17�-estradiol, as detailed elsewhere [7].
hese values were used to calculate the activity of the different
uman UGTs, and the given values for each isoform were then
orrected (normalized) for the relative expression level of each
ecombinant UGT, using the expression level of UGT2B7 per mg
rotein as 1.0 (see Section 2.1).

The 19 functional human UGTs (subfamilies 1A, 2A and 2B) were
rst screened for ent-17�-estradiol glucuronidation at a single
ubstrate concentration, 200 �M,  and the results of this screen-
ng are presented in Fig. 3. The general view emerging from these
esults is that (most) UGTs of subfamily 1A that catalyze ent-17�-
stradiol glucuronidation, conjugate it at the 3-OH. On the other
and, most UGTs of subfamilies 2A and 2B that glucuronidate ent-
7�-estradiol, only conjugate its 17-OH. There are two  exceptions
o this rule, however, the low but measurable activity of UGT1A4
s limited to the 17-OH, while UGT2B15 conjugates the 3-OH of
nt-17�-estradiol (Fig. 3).

Most UGTs that catalyze ent-17�-estradiol glucuronidation
xhibit rather low rates, at least under the conditions employed in
hese screening assays (Fig. 3). These conditions were not optimized
ith respect to the substrate concentration for each individual iso-

orm. Nonetheless, the results clearly demonstrate that 3 individual
uman UGTs, one from each subfamily, catalyze ent-17�-estradiol
lucuronidation at much higher rates than most others. UGT1A10
s by far the most active enzyme in ent-17�-estradiol glucuronida-
ion (Fig. 3). UGT2A1 exhibited about 30% of the rate of UGT1A10,
nd it is the most active human UGT in the glucuronidation of
nt-17�-estradiol at the 17-OH. Like UGT2A1, UGT2B7 also con-

ugates only the 17-OH of ent-17�-estradiol, and its normalized
urnover rate under the screening conditions is barely above 10%
f the rate exhibited by UGT1A10 toward the 3-OH. Neverthe-
ess, in case ent-17�-estradiol would mainly be glucuronidated
o employed in the current work, the normalized activity values between the insets
same. On the other hand, the ratio between the activities of different UGT can be

in the liver, the relatively high activity of UGT2B7 is an impor-
tant observation since it is far more active in ent-17�-estradiol
glucuronidation than any other hepatic UGT, because neither
UGT1A10 nor UGT2A1 is expressed in the liver at measurable levels
[6,15,16].

Subsequently, we have examined the kinetics of ent-17�-
estradiol glucuronidation by the 3 most active human UGTs, each
of them toward its respective target hydroxyl (Fig. 4). The kinetic
parameters that were derived from the presented curves are listed
in Table 1. These results not only reinforce the particularly high
activity of UGT1A10 in ent-17�-estradiol glucuronidation; they
also reveal that it has the lowest Km value toward this substrate.
The Km value of UGT2B7 was  higher, about double the respective
UGT1A10 value, but the largest Km value was  exhibited by UGT2A1,
nearly 7 fold higher than in UGT1A10 (Table 1). It may  also be noted
here that the kinetic curves for UGTs 1A10 and 2B7 revealed mild
substrate inhibition that might also be affected by limited solubility
of ent-17�-estradiol at concentrations above 100 �M,  even in the
presence of 10% dimethylsulfoxide.

3.2. Glucuronidation of ent-androsterone and
ent-etiocholanolone

ent-Androsterone and ent-etiocholanolone each have a single
glucuronidation site, the respective 3-OH, but like in the case of
ent-17�-estradiol, we  lacked authentic glucuronide standards to
quantify glucuronide production. The challenge in their cases is
higher since the analytical method was LC-MS that requires an
internal standard, and to overcome this and obtain a reasonable
estimate of the glucuronidation rates of both ent-androsterone
and ent-etiocholanolone we  have adopted the solution we have
previously used [9],  namely employing the available testosterone-
glucuronide as an internal standard that has similar chemical
properties.
The human UGTs of subfamily 1A, with the exception of
UGT1A4 and to a limited extent UGT1A3, too, do not conju-
gate ent-androsterone or ent-etiocholanolone (Fig. 5). UGTs 2A1
and 2A2 catalyze the glucuronidation of ent-etiocholanolone, but
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Fig. 4. Kinetics of ent-17�-estradiol glucuronidation by UGT1A10 (A), UGT2A1 (B),
and  UGT2B7 (C). The formation of ent-17�-estradiol-3-glucuronide was examined in
(A),  whereas the formation of ent-17�-estradiol-17-glucuronide is shown in curves
(B)  and (C). The results with UGT2A1 (B) were best fitted to the Michaelis–Menten
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odel, whereas the kinetics of UGT1A10 (A) and UGT2B7 (C) were fitted to the
ichaelis–Menten with substrate inhibition model. All the assays were done in

riplicates. The derived kinetic constants are listed in Table 1.

ot ent-androsterone. UGTs of subfamily 2B that glucuronidate
nt-etiocholanolone, however, also catalyze ent-androsterone glu-
uronidation (Fig. 5). The most remarkable finding that emerges
rom these results is the exceptionally high glucuronidation
ate of UGT2B7 toward the two ent-androgens, particularly ent-

tiocholanolone. It is also worth noting that UGT2B17 exhibits

 low glucuronidation rate toward both ent-etiocholanolone and
nt-androsterone, a somewhat surprising observation considering

able 1
inetic constants for ent-17�-estradiol glucuronidation by recombinant UGTs. In

he case of UGT1A10 the formed glucuronide was ent-17�-estradiol-3-glucuronide,
hereas with UGTs 2A1 and 2B7 the 17�-glucuronide was formed. Normalized Vmax

alues are shown on the top, and the actual rates for the 3 UGTs are presented in
rackets. The Ki values for UGT1A10 and 2B7 are extrapolated from the enzyme
inetic equations.

Vmax (pmol/min/mg) Km (�M)  Ki (�M)

UGT1A10 1954 ± 92 (8401 ± 396) 14.3 ± 1.9 1547 ± 587
UGT2A1 651 ± 50 (2904 ± 187) 97.5 ± 19 –
UGT2B7 204 ± 27 (204 ± 27) 29.7 ± 8.6 533 ± 235
& Molecular Biology 127 (2011) 282– 288

the relatively high activity of this isoform toward the natural
androsterone and, particularly, etiocholanolone [9].  The latter is
particularly interesting when comparing UGT2B17 to UGT2A1 since
the large difference in glucuronidation rate of UGT2A1 between
ent-etiocholanolone to ent-androsterone is similar to the large pref-
erence for etiocholanolone over androsterone that this enzyme
exhibited when conjugation of the respective natural androgens
was  studied [9].

4. Discussion

We  carried out a series of assays in order to determine the glu-
curonidation of the enantiomers of 3 physiological steroids by the
human UGTs of subfamilies 1A, 2A and 2B. These ent-steroids might
serve as interesting lead molecules for drug development and, inde-
pendently, they provide unique tools to define further the substrate
specificity of individual human UGTs.

The results clearly demonstrate that several different human
UGTs can glucuronidate each of the 3 tested ent-steroids
(Figs. 3 and 5). Nevertheless, the number of UGTs that may  be con-
sidered as main contributors to these reactions is small and their
expression level in different tissues must be taken into account
when predicting in vivo glucuronidation. The results strongly sug-
gest that UGT2B7 will be the most important enzyme in hepatic
glucuronidation of both ent-androsterone and ent-etiocholanolone,
and that these reactions would not be significantly affected by
the lack of UGT2B17 due to the del/del genetic polymorphism in
the gene encoding UGT2B17 [17]. It is less clear, however, which
UGTs will be the most important in the in vivo metabolism of
ent-17�-estradiol in humans. Nevertheless, if we  assume that the
glucuronidation of ent-17�-estradiol will mainly take place in the
liver, it is worth pointing out that the two enzymes that catalyze
the highest rates of its glucuronidation, UGT1A10 and UGT2A1
(Figs. 3 and 4 and Table 1), are extra-hepatic proteins [6,15,16].
Hence, it is likely that the UGT that will mainly contribute to the for-
mation of ent-17�-estradiol glucuronide in the human body will be
UGT2B7. In such a case, the major glucuronide of ent-17�-estradiol
in the human urine will be ent-17�-estradiol-17-glucuronide, not
ent-17�-estradiol-3-glucuronide. It is also predicted that ent-17�-
estradiol-3-glucuronide will be generated, mainly by UGT1A10
in the intestine, a reaction that may  take place during first-pass
metabolism, if ent-17�-estradiol would be given orally, or formed
during enterohepatic circulation.

Most UGTs of subfamily 1A that exhibit considerable activity
toward the 3-OH of ent-17�-estradiol, including UGT1A10 (Fig. 3),
do not glucuronidate ent-androsterone and ent-etiocholanolone
at the 3-OH (Figs. 1 and 5). UGT1A4 clearly differs from most
other UGT1As since it catalyzes low rates of ent-17�-estradiol
glucuronidation at the 17-OH (Fig. 3), as well as low glucuronida-
tion rates of ent-androsterone and ent-etiocholanolone (Fig. 5).
Among the UGTs of subfamily 2B, particularly UGT2B17 and
UGT2B15, there are noteworthy similarities between their respec-
tive activities toward ent-17�-estradiol and the previous results
with 17�-estradiol and epiestradiol (Fig. 3). UGT2B17 is highly
active toward the natural estradiol but nearly inactive in epiestra-
diol and ent-17�-estradiol glucuronidation. UGT2B15, on the other
hand, does not conjugate 17�-estradiol at any meaningful rates,
but catalyzes the glucuronidation of both epiestradiol and ent-
17�-estradiol at significantly higher rates. The latter conjugation,
however, is directed toward the 3-OH, not the 17-OH as most other
UGT2Bs (Fig. 3). In the case of androsterone and etiocholanolone,
UGT2B17, the most active human UGT in the glucuronidation of

these natural androgens, is nearly inactive toward their unnatural
enantiomers (Fig. 5). In contrast to UGT2B17 and most UGT2Bs,
UGT2B7 is highly active in the conjugation of epiestradiol and
ent-17�-estradiol (Fig. 3) and, on the other hand, it is also highly
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Fig. 5. Glucuronidation rates of ent-androsterone and ent-etiocholanolone by the human UGTs. The substrate concentrations were 50 �M and the presented glucuronidation
rates  were corrected (normalized) for relative expression level of the recombinant UGTs. The inset shows a modified form of the corresponding activities toward androsterone
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nd  etiocholanolone that were previously determined in our laboratory [9]. See le
ctivities according to the relative expression level of individual recombinant UGTs

ctive in the glucuronidation of the ent-androgens, particularly ent-
tiocholanolone (Fig. 5).

The combined results described above suggest to us that for
any human UGTs, regardless of whether their preferential glu-

uronidation site is at the 3-OH, the 17�-OH, or the 17�-OH, the
onfiguration of carbon 17 is a much more important structural
lement than the configuration of the other chiral centers in the
ested steroids. In addition, it emerges from the results with many
GTs that when androsterone, etiocholanolone, ent-androsterone
nd ent-etiocholanolone are bound to the different UGTs, the 3-OH
f these androgens occupy the position that, in the cases of bound
stradiols, is occupied by the 17-OH. This possibility is in agree-
ent with the findings that while UGT1A10 does not conjugate any

f the androgens that were tested by us in this study or the previ-
us one [9],  UGT1A4 glucuronidates all these androgens, even if at
ery low rates (Fig. 5). On the other hand, UGT2B7 and UGT2B17
hat exhibit high activity toward the 17-OH of one or more of the
stradiols – 17�-estradiol, epiestradiol, or ent-17�-estradiol, but
ot their 3-OH (Fig. 3), catalyze high glucuronidation rates of some
r all of the natural and unnatural enantiomers of androsterone
nd etiocholanolone. Moreover, in the case of UGT2B17, the high
7�-estradiol glucuronidation activity was almost fully abolished
y changing the configuration of C17 of the estrogen backbone,
amely in epiestradiol and in ent-17�-estradiol (Fig. 3). Similarly,
he high activity of UGT2B17 toward the 3-OH of androsterone and
tiocholanolone was nearly abolished by changing the configura-
ion of the 3-OH of these androgens, resulting in very low activity
oward the enantiomers of both steroids (Fig. 5). At the same time,
he activity of UGT2B7 toward the same hydroxyl groups was  stim-
lated, at least in comparison to most other UGTs, resembling the
igh activity of UGT2B7 toward epiestradiol [7].

The above suggestion that estradiol binds to different UGTs
n an opposite orientation, considering the 3-OH, the 17-OH and
he bound UDPGA, was formulated based on the activity results.
urrently we know too little about the detailed structure of the
ubstrate binding site of the human UGTs to permit us to analyze
he results based on differences in the three-dimensional shapes of
he different estradiol substrates. For example, at present there is
o explanation for the apparent opposite binding of 17�-estradiol
y different UGTs, at least if we accept the assumption that UGTs

hat mainly catalyze its glucuronidation at the 3-OH, like UGT1A1
nd UGT1A10, bind it so that the 3-OH is close to the catalytic His
His39 in UGT1A1 numbering, see model in [5]), whereas UGTs that
nly catalyze glucuronidation of the 17-OH of 17�-estradiol, like
to Fig. 3 for further details about UGT2B15* and correction (normalization) of the

UGT2B7 and UGT2B17, bind this substrate so that its 17-OH is facing
their “catalytic His” (His35 in UGT2B7 [18]).

In conclusion, the current results suggest that the tested ent-
steroids would be glucuronidated in the human body, and that the
contribution of UGT2B7 to such reactions will be major. The contri-
bution of UGT2B17 is expected to be very small, a large difference
from the contribution of this enzyme to the glucuronidation of nat-
ural 17�-estradiol, androsterone and etiocholanolone. The results
of this study also advance our efforts to understand, and subse-
quently predict, the interactions of individual human UGTs with
different compounds, both xenobiotics and endogenous molecules.
The results highlight the importance of the configuration of C17 in
estradiols and raise the possibility that the 3-OH of androgens occu-
pies, in some UGTs, the same space in the substrate binding site as
the 17-OH of the different estradiol stereoisomers. Future studies
are needed, however, to accept or reject this possibility, particu-
larly since solving the 3-D structure of several UGTs with bound
steroids may  not be achieved very soon.
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